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We investigate the sensitivity of a search for the oscillating current induced by axion dark matter in
an external magnetic field using optically pumped magnetometers (OPMs). This experiment is based
upon the LC circuit axion detection concept of Sikivie, Sullivan, and Tanner [1]. The modification
of Maxwell’s equations caused by the axion-photon coupling results in a minute magnetic field
oscillating at a frequency equal to the axion mass, in the presence of an external magnetic field.
The axion-induced magnetic field could be searched for using an LC circuit amplifier with an OPM,
the most sensitive cryogen-free magnetic-field sensor, in a room temperature experiment, avoiding
the need for a complicated and expensive cryogenic system. We discuss how an existing magnetic
resonance imaging (MRI) experiment can be modified to search for axions in a previously unexplored
part of the parameter space. Our existing detection setup, optimized for MRI, is already sensitive
to an axion-photon coupling of 10−7 GeV−1 for an axion mass near 3× 10−10 eV, which is already
limited by astrophysical processes and solar axion searches. We show that realistic modifications,
and optimization of the experiment for axion detection, can probe the axion-photon coupling up
to four orders of magnitude beyond the current best limit, for axion masses between 10−11 eV and
10−7 eV.
PACS numbers: 32..Dk, 11.30.Er, 77.22.-d, 14.80.Va,75.85.+t
I. INTRODUCTION
The dark matter of the Universe presents one of the
biggest unsolved mysteries in physics. The existence
of dark matter is inferred from its gravitational effects.
Observations from cosmology and astrophysics support
the existence of dark matter, including the cosmic mi-
crowave background (CMB) power spectrum [2], clus-
ter and galactic rotation curves [3, 4], gravitational lens-
ing [5, 6] and large-scale structure formation [7]. The
evidence converges on a Universe in which dark matter
is a significant component, contributing more than 80%
of the total matter content [8]. Many particle candidates
have been proposed, including weakly interacting mas-
sive particles (WIMPs) [9], axions [10–13], sterile neu-
trinos [14], and others [15]. While many experimental
efforts have been conducted, the nature of dark matter
still remains unknown. The latest direct detection of nu-
clear recoils from WIMP-nucleus scattering has reached
the cross section < 10−46 cm2 around the WIMP mass
10–100 GeV [16, 17], which is very close to the neutrino
floor due to the nuclear scattering by MeV solar neutri-
nos [18].
The axion is a natural consequence of the Peccei-Quinn
(PQ) solution to the strong CP problem of quantum chro-
modynamics (QCD) [10], and was subsequently realized
to be an excellent candidate for the dark matter of the
Universe. The strong CP problem is the question of why
the observable θ¯, which violates the discrete symmetry
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operation of charge conjugation and parity (CP), is lim-
ited to be extremely small. The latest neutron electric
dipole moment (EDM) measurement [19, 20] limits θ¯ to
be less than 10−10. The PQ solution promotes the vac-
uum angle to a dynamical variable, which naturally re-
laxes to a small value after the associated, global U(1),
PQ symmetry is broken [10]. The axion is the Nambu-
Goldstone boson from the spontaneous breaking of the
PQ symmetry. It acquires a very small mass due to in-
stanton effects at the cosmological QCD phase transi-
tion [12, 13, 21]. Due to its massive and non-relativistic
properties, the axion is a promising candidate for dark
matter.
The traditional axion mass window is considered to be
in the range from 10−6 to 10−2 eV, based on constraints
from astrophysics and cosmology. The lower bound is
based on not overproducing dark matter; however it as-
sumes the axion field is initially far from the minimum
of its effective potential (see e.g. Refs. [22–24] for de-
tailed discussion). This is not necessarily true, and an
initial position close to the minimum, prior to cosmolog-
ical inflation, can lead to an axion mass much smaller
than 10−6 eV, and an abundance that meets cosmologi-
cal bounds [25–27]. Additionally, string theory favors the
energy scale at the Planck scale, which can result in very
small axion masses [28].
Sikivie, Sullivan and Tanner have proposed searching
for these very light axions with an LC circuit coupled to a
sensitive magnetometer [1]. We investigate the sensitiv-
ity that can be achieved using a detection system com-
posed of an LC circuit and an optically pumped mag-
netometer (OPM), operated at ambient temperatures.
The OPM, based on lasers and alkali-metal vapor cells, is
the currently most sensitive cryogen-free magnetic sensor
reaching femtotesla sensitivity [29]. We will show that we
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2can search for dark matter axions in the mass range from
10−11 to 10−7 eV with a sensitivity to the axion-photon
coupling up to 4 orders of magnitude beyond the current
best limit achieved by the CERN Axion Slolar Telescope
(CAST) experiment [30]. This represents an important
search that can be conducted with existing technology,
without the complication of a cryogenic system.
Axions possess model-dependent couplings to photons,
electrons, and nucleons [15]. Many existing searches rely
on the axion-photon coupling [31], as does the proposed
LC circuit approach [1]. We briefly summarize the theo-
retical background next.
The effective Lagrangian of the axion-photon interac-
tion is
L = gaFµν F˜µν , (1)
where Fµν = ∂µAν − ∂νAµ is the electromagnetic field-
strength tensor, F˜µν = 12
µναβFαβ is its dual, Aµ is the
photon field, a is the axion field, and g is the axion-
photon coupling. Here we use natural units with c = ~ =
µ0 = 1. The axion-photon coupling leads to the following
modified Maxwell equations [1]:
~∇ · ~E =g ~B · ~∇a+ ρel,
~∇× ~B − ∂
~E
∂t
=g
(
~E × ~∇a− ~B∂a
∂t
)
+~jel, (2)
where ρel and ~jel are electric charge and current densi-
ties associated with ordinary matter. In a static magnetic
field, B0, axions can induce an electric current density,
~ja = −g ~B0a˙, according to Eq. 2. Here, ~∇a is neglected
due to the assumption that the axion field is homoge-
neous. The axion field, a = a0 cos (ωt), oscillates at a fre-
quency ω = ma where ma is the axion mass. Then ja can
produce a minute oscillating magnetic field Ba, perpen-
dicular to the static magnetic field, through ~∇× ~Ba = ~ja.
When the resonant frequency of the LC circuit is near the
axion mass, the current induced in the pickup loop by Ba
will be amplified by the circuit and then sensitively mea-
sured by an OPM. If the dark matter consists entirely of
axions, the dark matter density is equal to
ρDM =
1
2
m2aa
2
0 (3)
[32] such that the amplitude of the axion field is a0 =√
2ρDM/ma where ρDM ≈ 0.3 GeV/cm3 [15], assuming
the dark matter halo is in thermal equilibrium.
After the proposal of Sikivie, Sullivan and Tanner, it
was also realized that the same setup without the applied
magnetic field could be adapted to search for hidden sec-
tor photon dark matter [33, 34].
II. EXPERIMENTAL METHOD
A schematic drawing of an experimental setup using an
OPM is shown in Fig. 1. The detection system is com-
posed of two coils with a capacitor (LC circuit) to amplify
the axion-induced AC magnetic signal and an OPM to
detect the amplified signal. A solenoid produces a static
magnetic field ~B0; then the axion-induced magnetic field
~Ba induces a voltage in a rectangular one-turn input coil
(one turn is chosen to minimize the total inductance of
the LC circuit), located inside the solenoid, and drives a
current through a circular output coil which is detected
by an OPM. In Fig. 1, the applied field ~B0 is in the ver-
tical (z) direction, resulting in an axion-induced field ~Ba
in the azimuthal (φ) direction. The OPM Zeeman reso-
nance frequency (Larmor frequency) should be matched
approximately to the resonance frequency of LC circuit
to get the best sensitivity. It should be noted that be-
cause ~Ba is azimuthally symmetric for uniform B0, the
input coil should cover only one side of the central axis
of the solenoid.
The magnitude of the induced voltage in the input coil
is V = ωΦa, where Φa is the magnetic flux through the
input coil and ω is the operating angular frequency. This
voltage drives a current in the LC circuit,
I =
ωΦa
iω(Lin + Lout)− i(ωC)−1 +R , (4)
where Lin and Lout are the inductances of the input and
output coils, respectively, C is the capacitance of the
capacitor, and R is the total AC resistance of the LC
circuit (lossy capacitor can increase the effective AC re-
sistance of the circuit). Here the inductance of the ca-
pacitor is negligible. At the resonance of the LC circuit
where ω = 1/
√
(Lin + Lout)C and with quality factor of
the circuit, Q = ω(Lin + Lout)/R, Eq. 4 reduces to
I =
QΦa
Lin + Lout
. (5)
This current generates a magnetic field in the center of
the output coil
Bd =
NoutI
2rout
=
NoutQΦa
2rout(Lin + Lout)
(6)
where rout and Nout is the radius and the number of turns
of the output coil, respectively. The OPM will measure
the field Bd with high sensitivity.
Using cylindrical coordinates, (z, ρ, φ), ~B0 = B0zˆ, it
follows that
~Ba = −ga˙B0ρ
2
φˆ, (7)
and the magnetic flux through the input coil is
Φa =
∫
~Ba · d ~A = −Vinga˙B0 (8)
where Vin = linr
2
in/4, lin and rin is the vertical and hori-
zontal length of the input coil, respectively. Substituting
Eq. 8 to Eq. 7, we have the magnitude of the field Bd
Bd =
NoutQ
2rout(Lin + Lout)
Ving
√
2ρDMB0 (9)
3FIG. 1. Schematic drawing of the axion dark matter search
using a LC circuit-OPM detection system. The OPM is sim-
plified as a vapor cell. The output coil is positioned right
above the vapor cell in order not to block the laser beams.
where we used the relation between the time derivative of
the axion field and the axion density, a˙2 = 2ρDM . Note
that Eq. 9 is equivalent to Eq. 14 of Ref. [1].
In addition to the field noise of the OPM, δBOPM,
the dominant source of magnetic noise in the detection
system is the Johnson noise in the LC circuit, δVJ, which
is the combined noise from two coils:
δVJ =
√
4kBTinRin + 4kBToutRout
=
√
4kBToutRout
(
1 +
TinRin
ToutRout
)
(10)
where kB is the Boltzmann constant, Tin(out) is the
temperature of input (output) coil, and Rin (out) is the
resistance of the input (output) coil. Here Rout =
ρoutlout/Awire where ρout and Awire is the resistivity and
the cross-section area of the wire of the output coil, re-
spectively, and lout = 2piroutNout is the total length of the
output coil. Note that this simplified calculation valid for
low frequency has to be modified to take into account the
losses from skin-depth and proximity effects. Litz wire
can be used to reduce AC resistance closer to the DC
resistance value. We propose to operate the detection
system at room temperature, Tin = Tout, giving
δVJ =
√
8pikBToutρoutroutNout
Awire
√
1 +Rin/Rout. (11)
The Johnson noise can be converted to the magnetic
noise, δBJ , by Faraday’s law:
δBJ =
δVJ
ωNoutAout
=
1
ωrout
√
8kBToutρout
piroutNoutAwire
√
1 +Rin/Rout (12)
where Aout is the cross-section area of the output coil.
This equation shows that the magnetic Johnson noise de-
FIG. 2. Schematic diagram of the preliminary detection
system composed of a RF OPM and a LC circuit. The input
coil is located inside a copper RF shield to reduce the ambient
high frequency noise and the output coil and the OPM are
located inside a ferrite shield to reach high field sensitivity of
the OPM.
creases at higher frequency. The total magnetic noise of
the detection system is given by δBd =
√
δB2J + δB
2
OPM.
Other possible sources of noise are either very small or
can be highly suppressed. The ambient high-frequency
noise can be eliminated by using a Faraday cage for its
electrical component and a radio-frequency (RF) shield
for its electro-magnetic component. The noise from the
high-field solenoid might be low because the direction of
its field is perpendicular to the sensitive direction of the
input coil and it drops quickly with frequency. The noise
due to non-orthogonality between the input coil and the
field B0 will be suppressed by a small deviation from 90
degrees. Acoustic or thermal expansion geometrical ef-
fects are also very small above kHz frequencies. Also, a
gradiometer-type input coil can be used to eliminate the
common noise: in Fig. 1, another one-turn rectangular
coil locates next to the input coil to cover the other side
of the central axis of the solenoid where Ba is in opposite
direction (a first-order planar gradiometer), which dou-
bles the Ba signal, but cancels out the common magnetic
noise. This configuration will double the inductance of
the input coil, resulting in different optimal experimental
parameters from those in the configuration in Fig. 1.
A. Preliminary Study
As a preliminary study for the proposed axion search
experiment, we investigated the sensitivity of a detec-
tion system composed of a RF OPM constructed at Los
Alamos National Laboratory (LANL) [35] and a LC cir-
4cuit as shown in Fig. 2. This system was originally devel-
oped for its application to magnetic resonance imaging
(MRI) detection [35]; hence its experimental parameters
were optimized for MRI experiments. A time-varying
magnetic field Ba, induced by the axion when an exter-
nal static magnetic field B0 is applied by the Helmholtz
coil, produces a voltage in the input coil (150 turns, a
7.5 cm diameter, a 0.83 mm copper wire diameter, a
493 µH inductance) located inside a copper RF shield
and drives a current through the output coil (40 turns,
a 5.5 cm diameter, a 0.25 mm copper wire diameter, a
344 µH inductance) which is detected by the RF OPM.
The OPM and the output coil are located inside a low-
noise (much lower than fT/
√
Hz [36]) cylindrical ferrite
shield (of 15 cm length and 10 cm diameter) to reduce
the effects of the Earth’s field, the external static fields,
field gradients, and magnetic noise on the OPM. A ca-
pacitor added to the circuit increases the efficiency of flux
transfer and selects a desired resonance frequency of the
circuit, here 80 kHz.
The RF OPM consists of a 1 cm cubic potassium (K)
vapor cell, a pump and a probe laser beams, optics of
mirrors, lenses, a polarizer, a beam splitter, and a quar-
ter wave plate (not shown), and two photodiodes (not
shown). The circularly polarized pump beam is used to
polarize K atomic spins and the linearly polarized probe
beam is used to read out the state of the spins. The
pump and probe beams intersect inside the vapor cell
at 90◦, which establishes the active volume of the OPM.
The action of the pump beam creates a source of a large
number of 100% polarized electron spins in the vapor
cell. The interaction of a weak external magnetic field
with the polarized spins leads to changes in the orienta-
tion of the spins, which is detected through its effect on
the light polarization of the probe beam via the Faraday
effect. A RF tunable OPM of this type demonstrated a
very high sensitivity, 0.2 fT/
√
Hz [37]. The OPM Zee-
man resonance (Larmor frequency, 7 GHz/T in the case
of K atomic spins) was tuned to 80 kHz by a bias mag-
netic field produced by a coil inside the ferrite shield (not
shown). The Helmholtz coil, perpendicular to the input
coil, produced B0 = 2 mT; however in the future, the
external magnetic field will be increased to tesla level in
order to enhance the magnetic observable (see Eq. 9).
The total magnetic field noise of the detection system
was measured to be δBd = 2 fT/
√
Hz as shown in Fig. 3,
limited by the magnetic Johnson noise, while the noise
of the OPM was measured to be δBOPM = 1 fT/
√
Hz. A
calibration coil generating a uniform calibration field at
80 kHz was mounted near the vapor cell in order to con-
vert the measured OPM output voltage spectrum into the
magnetic field spectrum. The flat noise spectrum indi-
cates that external RF noise was sufficiently suppressed.
During the measurements, we found that careful ground-
ing of the detection system suppressed significantly ex-
ternal noise.
𝜹B d( T
/
𝐇𝐳  )
Frequency ( kHz )
10-14
10-15
80.0 80.279.879.6 80.4
Calibration field
10-13
FIG. 3. Calibrated magnetic field noise spectrum of the
preliminary detection system. The noise near 80 kHz was
found to be at the level of 2 fT/
√
Hz. The large peak at
80 kHz is the calibration field. External RF noise is absent.
III. SENSITIVITY ESTIMATE
Our proposed experiment is based on redesign and op-
timization of the existing experiment for axion detection.
A solenoid-type superconducting magnet with a 1 m bore
diameter and a 3 m length, which can generate a 2 T mag-
netic field, is available in LANL. Based on this magnet
and Ref. [1], we propose optimal experimental dimensions
of the experimental setup shown in Fig. 1: B0 = 2 T,
lin = 1 m, rin = 0.3 m, rout = 1 cm, and b = 2 mm
copper wire radius for the input and output coils. To
maximize the axion-induced magnetic flux through the
input coil, lin and rin should match the dimension of the
bore of the magnet. The inductance of the input coil is
estimated by [1]
Lin ≈ 1
pi
linln(rin/b) = 2.0 µH. (13)
In addition, the inductance of the output coil is estimated
by [1]
Lout ≈ routN2out
[
ln
(8rout
b
)
− 2
]
= (2.1× 10−2µH)×N2out. (14)
In order to find the optimal value of Nout, we substitute
Eq. 13 and 14 to Eq. 9
Bd =
QΦaNout
2rout[2.0 µH + (2.1× 10−2µH)×N2out]
. (15)
The optimalNout is determined by maximizing Bd, which
happens at 2.0 µH = (2.1×10−2µH)×N2out. This results
in the optimal Nout = 10, which leads to Lout = 2.1 µH,
thus L = Lin + Lout = 4.1 µH. We assume Q = 400
5𝜹B d( T
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FIG. 4. Estimated magnetic field noise of the optimized
detection system. The RF OPM with 1 fT/
√
Hz at kHz and
MHz frequencies will be employed. The noise of the system
is limited by the magnetic Johnson noise.
which can be reached at kHz and MHz frequencies at
room temperature.
We estimate the noise of the optimized detection sys-
tem δBd =
√
δB2J + δB
2
OPM based on the experimental
parameters. From Eq. 12, the magnetic Johnson noise is
δBJ = 4.3× 10−16 T/
√
Hz
(MHz
ν
)
(16)
where ν is the operating frequency. Rin and Rout is calcu-
lated to be 3.5 mΩ and 0.8 mΩ, respectively. We will use
our RF OPM [35] with δBOPM = 1 fT/
√
Hz at high fre-
quencies which we used in the preliminary study. Hence
the estimated noise of the system is given by
δBd =
√[
4.3× 10−16
(MHz
ν
)]2
+ (1× 10−15)2 T/
√
Hz.
(17)
Figure 4 shows the estimated noise of the optimized de-
tection system as a function of the frequency. This de-
tection system loses sensitivity at the frequency range
below about 50 kHz due to the magnetic Johnson noise,
limiting the lower frequency range of this experiment at
room temperature.
In principle, the experimental sensitivity can be en-
hanced by a long measurement. The bandwidth of the
optimized detection system is characterized by quality
factor of its LC circuit, ∆ν = ν/Q, which leads to the
bandwidth of the system ∆ν = 2.5 × 10−3ν. While our
lower Q of 400 means less signal amplification than the
high Q = 10000 of Ref. [1], the larger bandwidth means
that our system is able to scan the frequency range, and
thus the axion mass range, 25 times faster. If it scans a
factor of 2 in frequency per year and the duty factor is
30 % (using the same assumptions as Ref. [1] for com-
parison), the data integration time available at each tune
of the LC circuit is 2.5 × 104 s. Thus, we can partially
overcome the sensitivity loss of lower Q by using longer
integration times, due to our greater bandwidth. Assum-
ing the field noise of the detection system in B0 = 2 T
Parameters Preliminary data Ref. [1] proposal Our proposal
δBd (T) 2.0e-15 1.5e-17 3.6e-16
Nout 40 1 10
Q 178 10000 400
L (µH) 837 2.6 4.1
rout (cm) 2.8 1 1
Vin (m
3) 8.25e-3 0.0225 0.0225
B0 (T) 2e-3 8 2
g (GeV−1) 8.0e-7 1.6e-16 6.1e-14
TABLE I. δBd in preliminary data was experimentally ob-
tained with 1 s integration time while δBd in Sikivie’s and our
proposed experiment are estimated with 103 s and 2.5×104 s
integration time, respectively. These integration times were
determined by the bandwidth of the detection systems. The
operating frequency is 80 kHz.
is similar to what we estimated (Fig. 4), the noise of
the optimized detection system with the integration time
t = 2.5× 104 is given by
δBd × (tct)−1/4
= 1.3× 10−16 T
( ν
MHz
) 1
4
√
0.18
(MHz
ν
)2
+ 1 (18)
where tc = 0.16 s(MHz/ν) is the signal coherence for the
isothermal halo model (see Ref. [1] and Eq. A8 in [38]
for the details). At ν = 80 kHz, δBd = 3.6× 10−16 T.
Based on the optimized experimental parameters and
Eq. 18, we can estimate the sensitivity of our proposed
experiment to the axion-photon coupling g with Eq. 9,
g = SNR
2routLδBd
QNoutVin
√
2ρDMB0
= SNR×
( δBd
10−17 T
)(GeV/cm3
ρDM
) 1
2
(103
Q
)( L
µH
)( T
B0
)
×
( 1
Nout
)(rout
cm
)(m3
Vin
)
(8× 10−18 GeV−1) (19)
where SNR is the signal-to-noise ratio, taken as 5 for
axion detection [1].
We use Eq. 19 to compare the sensitivity of our pro-
posed experiment with existing limits. The configura-
tions investigated in Ref. [1] are the best possible that
can be achieved with existing technology and magnets.
This includes a high-Q, superconducting input loop, that
is cryogenically cooled to 0.5 mK, and a high-field mag-
net. In Table I, we compare our sensitivity at 80 kHz to
the configuration of Ref. [1] that is based on the 8 T mag-
net currently part of the Axion Dark Matter eXperiment
(ADMX) [39]. The estimated limit of our experiment is
of the order of 10−14 GeV−1 while the Ref. [1] configura-
tion is on the order of 10−16 GeV−1. The main difference
is that our detection system is non-superconducting and
non-cryogenic, but this also means it is immune to some
issues related to magnetic flux trapping, and is easier to
operate, with low cost.
Figure 5 shows our expected sensitivity, and that we
will be able to set a new experimental limit on a signif-
611−10 10−10 9−10 8−10 7−10 6−10
(eV)am
18−10
15−10
12−10
9−10
6−10
5−10
)
-
1
g(
Ge
V
410 510 610 710 810
Frequency(Hz)
CAST (Experimental)
Sikivie's Proposal
LANL Preliminary Data
LANL Proposal
QCD Axi
on
FIG. 5. Sensitivity to the axion-photon coupling, g, on the
axion mass range. The region above the red line is excluded
by the CAST experiment. The line labeled “Sikivie’s Pro-
posal” is the lower sensitivity bound of one of the proposed
configurations from Ref. [1] using the caustic ring halo model.
The purple line is the KSVZ model prediction for the QCD
axion mass. Our proposed experiment is capable of search-
ing for a dark matter axion signal in an isothermal halo with
parameters above the blue line. The triangle is the measured
sensitivity of the preliminary configuration discussed in the
text, which was optimized for an MRI experiment, again us-
ing the isothermal halo signal.
icant axion mass range between 10−11 eV and 10−7 eV.
The current best experimental bound is from the CAST
experiment [30], also shown in Fig. 5. The current best
astrophysical limits on the axion-photon coupling, from
massive stars [40] and horizontal branch stars [41], are of
similar magnitude to the CAST experimental limit. Our
sensitivity estimate uses the local density, and axion sig-
nal coherence time, of the isothermal halo model [42]. In
Ref. [1], axion detection under both the isothermal halo
model and the caustic ring model are considered, and the
sensitivity given in Ref. [1] uses the longer coherence, and
higher density, of the caustic ring model [43–45]. Axion
searches for signals predicted by the caustic ring model
have increased sensitivity due to these factors, but re-
quire additional assumptions, and possible correction for
the Earth’s motion [46–49]. A thermal component to the
dark matter halo, such as in the isothermal model, still
occurs if high-density caustics are present near Earth,
and we use this simpler assumption in our sensitivity es-
timate. The KSVZ model for QCD axions [50, 51] is
included for comparison in Fig. 5.
Our sensitivity is mainly limited by the magnetic John-
son noise in the LC circuit. Our experiment has a lower
sensitivity than the configurations proposed in Ref. [1],
but this is primarily due to lower Q of the LC circuit
at room temperature. The upper end of the possible
search range for our proposed experiment is limited by
the stray capacitance in the LC circuit, as is the proposed
experiment of Ref. [1]: assuming the stray capacitance is
15 pF per meter and the LC circuit is in 3 m length,
the maximum resonance frequency that can be reached
is estimated to be ν < 1/2pi
√
4.1 µH× 45 pF = 10 MHz,
using 2piν = 1/
√
LC.
IV. CONCLUSION
We have investigated the sensitivity of a proposed ex-
periment to search for light-mass axion dark matter us-
ing a detection system composed of an RF OPM and
a LC circuit, operated at room temperature. This ex-
periment is based on the concept initially developed by
Sikivie, Sullivan, and Tanner [1], and realistic modifi-
cation and optimization of an existing experiment. This
experiment can explore the axion mass between 10−11 eV
and 10−7 eV. The mass range is limited by the magnetic
Johnson noise in the LC circuit, and the stray capaci-
tance of the LC circuit. Our estimated sensitivity to the
axion-photon coupling is up to 4 orders of magnitude bet-
ter than the current best constraint [30]. Our proposed
experiment can probe a significant range in the axion
parameter space utilizing existing equipment such as a
large-bore, 2 T magnet and an RF OPM, and represents
a step forward in the search for axion dark matter that
can be easily implemented in the near future.
V. ACKNOWLEDGMENTS
The authors gratefully acknowledge this work was sup-
ported by the U.S. Department of Energy through the
LANL Laboratory Directed Research Development Pro-
gram. We would also like to thank Lisa Everett and
David Tanner for helpful comments on the manuscript,
and Pierre Sikivie for encouragement.
[1] P. Sikivie, N. Sullivan, and D. B. Tanner, Phys. Rev.
Lett. 112, 131301 (2014).
[2] A. R. Ade, et al., Astron.Astrophys. 594, A13 (2016).
[3] F. Zwicky, Helvetica Physica Acta. 6, 110127, (1933).
[4] V. Rubin, Scientific American. 248, 96-108 (1983).
[5] D. Walsh et al., Nature. 279, 381-384 (1979).
[6] D. Clowe et al., The Astrophysical Journal. 648, L109-
L113 (2006).
[7] V. Springel, C. S. Frenk and S. D. M. White, Nature 440,
11371144 (2006).
[8] R. H. Cyburt, Phys. Rev. D 70, 023505 (2004).
[9] G. Steigman, and M. S. Turner, Nucl.Phys. B253, 375
(1985).
7[10] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).
[11] R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791
(1977).
[12] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[13] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[14] A. Kusenko, Phys. Reports 481, 1 (2009).
[15] C. Patrignani et al., Chin. Phys. C, 40, 100001 (2016).
[16] D.S. Akerib et al., Phys. Rev. Lett. 118, 021303 (2017)
[17] E. Aprile et al., Phys. Rev. Lett. 119, 181301 (2017)
[18] J. Monroe and P. Fisher, Phys. Rev. D 76, 033007 (2007)
[19] C. A. Baker, D. D. Doyle, P. Geltenbort, K. Green, M.
G. D. van der Grinten, P. G. Harris, P. Iaydjiev, S. N.
Ivanov, D. J. R. May, J. M. Pendlebury, J. D. Richardson,
D. Shiers, and K. F. Smith, Phys. Rev. Lett. 97, 131801
(2006).
[20] J. M. Pendlebury, S. Afach, N. J. Ayres, C. A. Baker,G.
Ban, G. Bison, K. Bodek, M. Burghoff, P. Geltenbort,K.
Green, W. C. Griffith, M. van der Grinten, Z. D.Gruji c,
P. G. Harris, V. H elaine, P. Iaydjiev, S. N. Ivanov,M.
Kasprzak, Y. Kermaidic, K. Kirch, H.-C. Koch,S. Kom-
posch, A. Kozela, J. Krempel, B. Lauss, T. Lefort,Y.
Lemi‘ere, D. J. R. May, M. Musgrave, O. Naviliat-Cuncic,
F. M. Piegsa, G. Pignol, P. N. Prashanth,G. Qu em
ener, M. Rawlik, D. Rebreyend, J. D. Richard-son, D.
Ries, S. Roccia, D. Rozpedzik, A. Schnabel,P. Schmidt-
Wellenburg, N. Severijns, D. Shiers, J. A.Thorne, A.
Weis, O. J. Winston, E. Wursten, J. Zejma,and G. Zsig-
mond, Phys. Rev. D92, 092003 (2015).
[21] D. J. Gross, R. D. Pisarski and L. G. Yaffe, Rev. Mod.
Phys. 53, 43 (1981).
[22] J. E. Kim, Phys. Rept. 150, 1 (1987).
[23] P. Sikivie, Lect. Notes Phys. 741, 19 (2008)
[24] L. D. Duffy and K. van Bibber, New Journal of Physics
11, (2009)
[25] E. Witten, Phys. Lett. 149B, 351 (1984).
[26] K. Choi and J. E. Kim, ibid.154B, 393 (1985).
[27] S.-Y. Pi, Phys. Rev. Lett. 52, 1725 (1984).
[28] P. Svrcek, E. Witten, Journal of High Energy Physics,
2006, (2006)
[29] I. K. Kominis, T. W. Kornack, J. C. Allred, and M. V.
Romalis, Nature 422, 596–599 (2003) Journal of High
Energy Physics, 2006, (2006)
[30] V. Anastassopoulos et al. [CAST Collaboration], Nature
Phys. 13, 584 (2017).
[31] P. W. Graham, I. G. Irastorza, S. K. Lamoreaux, A. Lind-
ner, and K. A. van Bibber, Annu. Rev. Nucl. Part. Sci.
65, 485 (2015).
[32] M. Dine, W. Fischler, Phys. Lett. B 120, 137 (1983).
[33] P. Arias, A. Arza, B. Dbrich et al., Eur. Phys. J. C 75,
310 (2015).
[34] S. Chaudhuri, P. W. Graham, K. Irwin, J. Mardon,
S. Rajendran and Y. Zhao, Phys. Rev. D 92, no. 7,
075012 (2015).
[35] I. M. Savukov and T. Karaulanov, J. Magn. Reson. 231,
39–45 (2013).
[36] Y. J. Kim and I. Savukov, Sci. Rep. 6, 24773 (2016).
[37] S.-K. Lee, K. L. Sauer, S. J. Seltzer, O. Alem, Appl.
Phys. Lett. 89, 214106 (2006).
[38] D. Budker, P. W. Graham, M. Ledbetter, S. Rajendran,
A. O. Sushkov, Phys. Rev. X 4, 021030 (2014)
[39] S. J. Asztalos et al. [ADMX Collaboration], Nucl. In-
strum. Meth. A 656, 39 (2011).
[40] A. Friedland, M. Giannotti and M. Wise, Phys. Rev.
Lett. 110, no. 6, 061101 (2013).
[41] A. Ayala, I. Dominguez, M. Giannotti, A. Mirizzi and
O. Straniero, Phys. Rev. Lett. 113, no. 19, 191302 (2014).
[42] M. S. Turner, Phys. Rev. D 33, 889 (1986).
[43] P. Sikivie and J. R. Ipser, Phys. Lett. B 291, 288 (1992).
[44] P. Sikivie, I. I. Tkachev and Y. Wang, Phys. Rev. D 56,
1863 (1997).
[45] L. D. Duffy and P. Sikivie, Phys. Rev. D 78, 063508
(2008).
[46] L. D. Duffy, P. Sikivie, D. B. Tanner, S. J. Asztalos, C.
Hagmann, D. Kinion, L. J Rosenberg, K. van Bibber,
D. B. Yu, and R. F. Bradley, Phys. Rev. D 74, 012006
(2006).
[47] J. Hoskins, J. Hwang, C. Martin, P. Sikivie, N. S. Sulli-
van, D. B. Tanner, M. Hotz, L. J Rosenberg, G. Rybka,
A. Wagner, S. J. Asztalos, G. Carosi, C. Hagmann, D.
Kinion, K. van Bibber, R. Bradley, and J. Clarke, Phys.
Rev. D 84, 121302 (2011).
[48] J. Hoskins et al., Phys. Rev. D 94, no. 8, 082001 (2016).
[49] J. V. Sloan et al., Phys. Dark Univ. 14, 95 (2016).
[50] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979).
[51] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl.
Phys. B 166, 493 (1980).
